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ABSTRACT The goal of this experiment was to mea-
sure the physiological response of individual laying hens
exposed to heat stress (HS). Performance, egg quality,
body temperature (BT), and blood chemistry of laying
hens were individually recorded before and after various
intervals of daily cyclic HS. In total, 407 18-week-old
W-36 parent-line laying hens (Hy-Line International,
Dallas Center, IA) were housed individually in battery
cages. After an acclimation period, baseline data were
collected from 22 to 24-wk before the hens were sub-
jected to a daily cyclic HS consisting of 7 h at 35°C
returning to 30°C for the remaining 17 h/D from 24
to 28-wk of age. Eggs were collected and individually
weighed daily. Feed intake (FI), egg production (EP),
egg weights, egg mass, BW, and feed efficiency (FE)
(g egg/kg FI) were calculated over 2-wk time periods.
Eggs were collected for quality assessment the day be-
fore HS began, the 2nd day of HS, and on a weekly
basis throughout the 4-wk HS. Blood was collected and
BT measured the day before heat HS was initiated, on
the first day of HS, and again at 2 and 4-wk of HS.
Blood PCO2 and iCa decreased, and blood pH increased
within 4 to 6 h of HS (P ≤ 0.01). Shell weights decreased
with acute HS, possibly due to the reduction in blood
iCa (P ≤ 0.01). After 4-wk of HS the blood pH returned
to pre-HS levels but iCa remained decreased (P ≤ 0.01).
Shell weights remained low and Haugh units decreased
after 2 and 4-wk of HS (P ≤ 0.01). Feed efficiency was
increased and FI, EP, and BW decreased by 2-wk of
HS and remained low through 4-wk (P ≤ 0.01). The
cyclic HS had a significant effect on the performance,
egg quality, and blood chemistry over the 4-wk HS.
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INTRODUCTION
The optimum environmental temperature for perfor-
mance of adult laying hens is between 19 and 22°C,
with temperatures above and below this range requir-
ing thermoregulation (Lin et al., 2006). High tempera-
tures can ultimately result in heat stress (HS) causing
decreased performance, altered blood chemistry, and in-
creased mortality (Khan et al., 2011; Kilic and Simsek,
2013). Recent estimates for HS losses due to the reduced
performance and increased mortality in the poultry in-
dustry were up to $98 million per year for laying hens
in the US alone (Key et al., 2014).
When exposed to high environmental temperature,
the laying hen will increase and deepen respiration rates
to reduce body temperature (BT) through evaporative
cooling (El Hadi and Sykes, 1982). The increased res-
piration rate can cause the partial pressure of carbon
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dioxide in the blood to be reduced, changing the ratio of
bicarbonate to carbon dioxide and ultimately resulting
in an increase in the pH of the blood, a process known
as respiratory alkalosis (Franco-Jimenez et al., 2007;
Koelkebeck and Odom, 1994). The elevated blood pH
can cause the bioavailable form of blood calcium, ion-
ized calcium (iCa), to bind to proteins making it un-
available for use in the shell gland to form the eggshell
(Etches et al., 2008). This can result in reduced eggshell
quality shortly after the hen is exposed to HS (Samara
et al., 1996). Another response to elevated environmen-
tal temperatures is to reduce feed intake (FI) which
limits the heat produced from digestion (Kilic and Sim-
sek, 2013). The reduced FI will ultimately reduce egg
production (EP) due to insufficient energy and nutrient
intake to sustain EP at non-HS levels (Mashaly et al.,
2004).
The objective of this experiment was to quantify
the responses of individual laying hens in FI, EP, egg
quality, BW, and blood gas parameters before and af-
ter elevated thermal exposure, quantifying both acute
(4 to 6 h) and chronic (2 and 4 wk) exposure to a daily
cyclic HS. The performance and physiological changes
6684
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Table 1. Composition of layer diet.
Ingredient (%) Calculated composition (%)
Corn 44.85 Metabolizable energy (kcal/kg) 2900
Soybean meal, 48% CP 34.52 Crude protein 22.40
Meat and bone meal 2.49 Calcium 4.00
DDGS 1.99 Non-phytate phosphorus 0.45
Soy oil 4.40 Fat 6.85
DL-Methionine 0.27 Digestible Met + Cys 0.88
Limestone, small 4.41 Digestible lysine 1.11
Limestone, large 4.41 Digestible threonine 0.77
Dicalcium phosphate 1.18
Salt 0.42 Analyzed composition (%)
Vitamin and mineral premix1 0.75 Crude protein 22.5
Titanium dioxide 0.30 Fat 3.63
1Provided per kg of diet: vitamin A, 6595.69 IU; vitamin D3, 2209.56 ICU; vitamin E, 1.65 IU;
vitamin B12, 6.60 μg; menadione, 1.15 mg; riboflavin, 4.12 mg; D-pantotheic acid, 6.07 mg; niacin,
19.79 mg; choline, 381.68 mg; Co, 0.25 mg; Cu, 4.04 mg; I, 1.00 mg; Fe, 50.65 mg; Mn, 64.26 mg; Zn,
48.69 mg.
observed have also been associated with the individ-
ual hen’s 600 K single nucleotide polymorphisms in a
genome wide association study (Rowland et al., 2019;
Rowland et al., in review). With that information it
may be possible to select for heat resistant hens that are
able to maintain higher EP and performance, and use
them to at least partially overcome negative impacts of
HS. The phenotypic data are important to understand
the performance and physiological changes the laying
hen experiences during acute HS and potential adapta-
tion over chronic HS.
MATERIALS AND METHODS
Animals and Housing
All experimental procedures were approved by the
Institutional Animal Care and Use Committee at
Virginia Tech. A total of 407 18-wk old W-36 female
parent line laying hens were obtained from Hy-Line In-
ternational (Dallas Center, IA). The hens were hatched
in late February, raised during spring, and shipped
overnight via truck and trailer to Virginia Tech facilities
in Blacksburg, VA to minimize the environmental tem-
perature extremes before the initiation of heat treat-
ment. Upon arrival to Virginia Tech, the pullets were
housed individually in cages (38.1 cm L × 22.9 cm W ×
43.2 cm H) allowing 871 cm2 per hen, within a climate-
controlled room that was maintained at approximately
23°C and 55% relative humidity. The cages were ar-
ranged in 3 tiers with 4 cages per tier and were placed
on wheels. A water trough was shared by 2 neighbor-
ing hens while feed was provided via individual feed-
ers. A plastic mesh divider was utilized between feed-
ers to ensure that hens consumed feed from designated
feeder and not surrounding feeders. Hens were given
ad libitum access to a mash layer diet formulated to
2,900 kcal/kg (Table 1) and water. The lighting sched-
ule began at 11.5 L:12.5 D and light increased by 0.5 h
each wk until the birds were 24 wk of age at which point
it increased by 0.25 h each wk until the end of the ex-
periment. Light levels were measured to be 1 to 2 foot
candles at the feeder and cardboard covers were used
on the top tier of cages to reduce light intensity to be
similar to the lower tiers.
HS
From 24 to 28 wk of age the hens were subjected to
a daily, cyclic HS. On the first day of exposure, 2 iden-
tical HS chambers were brought to temperature. Each
room was heated using a single heater (TPI Corpora-
tion model# F3F551QT, 114 Roscoe Fitz Rd, Gray,
TN 37615) in the corner of each room which is capable
of heating the room to 40.5°C. Mixer fans were used to
minimize the temperature difference across the room as
well as among the tiers. When the room temperatures
reached 35°C, 201 hens (housed within individual cages)
were rolled into room 1 and the remaining 206 hens into
room 2. The cages would remain in the same rooms
throughout the experiment. The hens were moved into
pre-heated rooms to allow for timed collection of short
term HS samples for physiological measurements. Each
day the heat was raised to 35°C for 6.5 h beginning
at 9am and then returned to 30°C for the rest of the
day. The non-HS portion of the day was maintained at
a temperature above thermoneutral conditions to bet-
ter mimic the conditions found in a commercial laying
house. There was a transition period of approximately
30 min each day at the beginning and end of HS as
room temperatures were rising or falling. The relative
humidity of the rooms averaged 41% and 45% during
the HS and non-HS portions of the day, respectively.
On sampling days one room began the 6.5-hour HS at
6am and the other at 8am to facilitate sample collec-
tion over a specified time. Hens suffering severe heat
distress, defined as unable to stand, lying on its side,
and generally unresponsive (Persia et al., 2003) were
euthanized by cervical dislocation. All mortalities or eu-
thanized birds were recorded, weighed, and their feed
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refusal was weighed at the time of removal. Data pre-
viously collected from removed birds was not used in
statistical analysis.
Sample and Data Collection
Eggs were collected and weighed between 9:00 and
10:00 am each day. Egg production, egg weights (EW),
and egg mass (EM) (calculated using EP and mean
EW) were all recorded individually on a daily basis
and summarized over a 2-wk period. Feed provided to
each hen was determined by providing feed in 90 g in-
crements (a level cup of feed). This method was vali-
dated before the experiment and was possible as all feed
was similar in density. Feed refusal was recorded every
2 wk (2 wk prior to HS, wk 1, and 2 of HS and, wk
3 and 4 of HS) to determine individual FI. Eggs were
collected the day before HS, the second day of HS, and
weekly for the 4-wk heat period to determine egg qual-
ity changes. The eggs were collected on the second day
so that eggs measured for acute HS measurements were
being formed during the first day of exposure. The col-
lected eggs were refrigerated for approximately 1 wk to
minimize changes until analysis. Body temperature was
measured the day before HS exposure, the first day of
HS exposure, and again at the 2 and 4 wk time point of
HS exposure. To measure BT, a thermometer (Delta-
Trak MDL11064) was inserted approximately 1.5 cm
into the cloaca of each hen, and allowed to stabilize
before the temperature was recorded. Blood was taken
from the ulnar vein from the wing of each hen. A new
1 mL syringe with a 25-gauge × 1.6 cm needle was used
to draw approximately 1 mL of blood for each sample.
Before attaching the needle, a solution of 10,000 units
lithium heparin per mL was drawn into the syringe and
expelled. The blood sampled was taken within 4 to 6 h
after initiation of HS.
Analyses
Eggs were analyzed for Haugh unit using a Mattox
and Moore Haugh meter using the method described
by Maxkwee et al. (2014). After the Haugh unit was
determined, the yolk was separated from the albumen
and the weights of each were recorded. The eggshells
with membranes intact were placed onto individually
labeled trays and dried overnight at 65°C. When the
eggshells were fully dried, their weights and thicknesses
were recorded. Following the methods of Emery et al.
(1984), the dried membrane was removed and 3 indi-
vidual measurements were taken from the equator of
each eggshell to determine the shell thickness and an
average value calculated per egg.
The collected blood was analyzed within 5 min of
collection using an Abaxis iSTAT 1 handheld analyzer
with a CG8+ cartridge (Abaxis item number 600-9001).
The CG8+ cartridge measures sodium, potassium, iCa,
glucose, pH, PCO2, PO2, TCO2, HCO3, BE, and sO2.
Hematocrit and hemoglobin content of the blood are
estimated by electrical conductance. Once collected, the
needle was removed from the syringe and the first few
drops of blood were discarded before a blood sample
was placed into the cartridge up to the fill line of 95 μL.
The filled cartridge was placed into the iSTAT analyzer.
To ensure timely analysis of samples, multiple handheld
units were utilized.
Statistical Analyses
All data were analyzed using ANOVA. Heat stress
exposure was the response criteria with a pre-HS mea-
surement (1 D before HS exposure for physiological
and egg responses and 2 wk before HS for performance
responses), an acute HS measurement (2 to 4 h post HS
exposure for physiological responses, 1 D after HS ex-
posure for egg responses and 2 wk after for performance
responses) and chronic HS responses (2 to 4 h post HS
exposure after 2 and 4 wk of cyclic HS exposure for
physiological responses, 2 and 4 wk after HS exposure
for egg responses and 2 to 4 wk after HS exposure for
performance responses). Control data were generated
using the same bird population immediately before HS
treatment. This approach does have some limitation
due to increased performance and EW over this time
period of the experiment, and when this occurred breed
standardized data were used to for additional compar-
isons. Significant differences were accepted at (P ≤
0.05). If ANOVA was significantly different, a Tukey’s
test was used to separate mean effects. Coefficients of
variance were calculated for all parameters. The coeffi-
cients of variance were obtained by calculating the stan-
dard deviation of each parameter at each time point and
dividing by the mean from the same data set. This value
was multiplied by 100 to get a percentage. These data
are not statistically analyzed and are provided for ob-
servational data. Pearson correlation coefficients were
calculated among all traits at all time points, were es-
timated using the cor.test (test for association between
paired samples) function of the stats package in R.
RESULTS AND DISCUSSION
Performance
There was a drop in FI (P ≤ 0.05) after 2 wk of HS
when compared to the 2 wk prior to the beginning of
exposure (Table 2). During HS, hens reduce FI to de-
crease the heat of digestion (Kilic and Simsek, 2013).
After the initial drop in FI, it increased by 14% (51.2 to
58.4 g/h/D) from 2 to 4 wk compared to the 2 wk HS
exposure values (P ≤ 0.05); however, it did not fully
recover to the level prior to HS. This indicates that the
hens may have begun to acclimate to the high environ-
mental temperatures although they were still limiting
FI. Mashaly et al. (2004) showed that constant HS ex-
posure had a more severe effect on FI when compared
to cyclic HS. The FI over a 5 wk period for the constant
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Table 2. Effect of a 4-wk, daily, cyclic heat stress on performance of laying hens.1
Time period Feed intake Egg production Egg weight Egg mass Feed efficiency Body weight
(g/D) (%) (g) (g/D) (g/kg) (kg)
2 wk before HS 95.4a 90.1a 58.0b 52.3 611c 1.53a
2 wk after HS 51.2c 84.4b 60.9a 51.4 1219a 1.47b
4 wk after HS 58.4b 85.6b 60.5a 51.8 1053b 1.45c
Pooled SEM 0.41 0.54 0.32 0.38 9.1 0.004
P-value ≤0.01 ≤0.01 ≤0.01 0.28 ≤0.01 ≤0.01
1Means values of data from 398 individual hens in both rooms combined.
a–c Values without similar letters within parameter are significantly different (P ≤ 0.05).
HS dropped by 52% compared to the control, while the
cyclic group dropped by 37% compared to the control
(Mashaly et al., 2004). The FI for the 2 wk period be-
fore HS was slightly higher than average FI indicated by
the Hy-Line management guide. For parent hens aged
22 to 24 wk, the Hy-Line guide indicates an average
FI of 92 g/bird/D. The diet was formulated to contain
6.85% crude fat, however after analysis it was found to
contain only 3.63%. Both the lower than expected crude
fat content and the hens being housed individually with
access to their own feeder could be responsible for the
elevated pre-HS FI (95.4 g/hen/D) when compared to
published values. The fact that the pre-HS FI was ele-
vated could have led to the drop of FI during HS to be
more pronounced.
Egg production dropped from 90.1% prior to HS to
84.4% after 2 wk of exposure, a drop of 6.3% (P ≤ 0.05),
and did not recover by the end of 4 wk, remaining low
at 85.6% (Table 2). According the the Hy-Line man-
agement guide, during this time frame the hens were
expected to increase in production under thermoneu-
tral conditions (Hy-Line Int. USA, 2016). The reduced
FI and hence nutrient intake resulted in insufficient
nutrients to maintain EP at non-HS levels (Mashaly
et al., 2004). There was an increase in EW from the
pre-HS value to 2 wk HS, from 58.0 to 60.9 g/egg
(P ≤ 0.05) but no further increase from the 2- to
4-wk HS period remaining at 60.5 g/egg. Other reports
have demonstrated a decrease in EW within 1 wk of
exposure of either cyclic or constant HS (de Andrade
et al., 1977; Emery et al., 1984; Franco-Jiminez et al.,
2007; Maak et al., 2003; Mashaly et al., 2004). As the
hens were still young during this experiment (22 to
28 wk of age), with a natural increase in EW the treat-
ment effect to reduce EW was delayed in comparison
to previous reports.
Due to a decreased EP and an increased EM, EW
measured as g egg produced/hen/D did not change dur-
ing HS (P = 0.28; Table 2). Because the drop in FI
was more pronounced than the drop in EP, the feed
efficiency (FE) nearly doubled, from 611 to 1,219 g
egg/kg FI (P ≤ 0.05), from 2 wk prior to 2 wk post
HS exposure, respectively. For the 2 to 4 wk post HS
period, FE dropped by 13% from 1,219 to 1,053 g/kg
(P ≤ 0.05) as FI started to increase, but EP was further
decreased. The pre-HS FE was lower than expected,
likely caused by the high FI for that time period that
might be related to the individual housing of the laying
hens. Unlike the current experiment, FE was not af-
fected by a 35°C to 16°C cyclic HS treatment (Deaton
et al., 1982). This cyclic HS with a lower non-HS tem-
perature of 16°C resulted in no significant differences in
FI or EP, and no change in FE as the birds were likely
able to consume adequate feed during the non-HS pe-
riod in contrast to the current experiment when non-HS
temperature were maintained at elevated temperatures
(30°C). Before HS was initiated, the hens had an aver-
age BW of 1.53 kg, which dropped to 1.47 kg (P ≤ 0.05)
by 2 wk of HS exposure and remained low after 4 wk at
1.45 kg (P ≤ 0.05) (Table 2). The increased FE noted
with HS was most likely related to BW reductions over
the duration of the HS period (Table 2).The loss of BW
may have supported the increased FE as the hens were
able to mobilize body stores to help maintain EP even
during reduced FI.
On the first day of HS exposure (acute effects) the
hen’s BT rose to 42.4°C compared to 41.3°C the day be-
fore HS treatment was initiated (P ≤ 0.05) (Table 3).
By 2 and 4 wk of exposure to high environmental tem-
perature the hen’s BT had decreased to 41.7°C. The
hen’s BT after chronic HS was significantly lower than
the acute BT value, but did not decrease to the BT of
the pre-HS hens. Previous research examining the ef-
fect of a cyclic HS on laying hens has shown an elevated
BT through 2 wk when compared to hens maintained
at thermoneutral conditions (Rozenboim et al., 2007),
and similar results were seen with broilers exposed to a
constant HS for 2 wk (He et al., 2018). There are few
published data on BT of laying hens exposed to a HS
greater than 2 wk in length. The current data could
indicate that by 2 wk of exposure to HS, the hens were
able to at least partially acclimate to increased environ-
mental temperatures but that BT will remain elevated.
There was no mortality over the 4 wk HS period; 9
hens were euthanized due to signs of heat distress. A
total of 7 of the 9 hens that were removed occurred in
the first wk of HS exposure.
Egg Quality
The Haugh unit, a measure of albumen quality, sig-
nificantly decreased after 2 wk of chronic HS exposure
when compared to the pre-HS and acute HS values
(Table 3). The Haugh unit again decreased by the end of
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Table 3. Effect of a 4-wk long, daily, cyclic heat stress over time on egg quality parameters and body temperature in laying hens.1
Yolk weight Albumen weight Shell weight Shell thickness Body temperature
Time period Haugh unit (g) (g) (g) (mm) (°C)
Control2 94.4a 14.1b 35.0a 6.04a 0.39b 41.3c
Acute 94.6a 14.7a 34.5a, b 5.60b 0.39b 42.4a
Chronic 2wk 88.4b 14.7a 33.9b,c 5.60b 0.41a 41.7b
Chronic 4wk 87.2c 14.4a,b 33.4c 5.48c 0.35c 41.7b
Pooled SEM 0.36 0.12 0.24 0.029 0.003 0.04
P-value ≤0.01 ≤0.01 ≤0.01 ≤0.01 ≤0.01 ≤0.01
1Means values of data from 398 individual hens in both rooms combined.
2Control values were measured the day before first exposure to HS.
a–c Values without similar letters within parameter are significantly different (P ≤ 0.05).
the 4 wk HS exposure after an additional 2 wk of chronic
HS treatment. Previous experiments have shown that
while there was a reduction in performance parame-
ters, no significant change occurred in either the albu-
men height, over a 5-wk cyclic or constant HS (Mashaly
et al., 2004), or Haugh unit, during a 2-wk constant HS
(Franco-Jiminez et al., 2007). Eggs collected after 1 D
of exposure to the high temperatures did not have a
significantly different Haugh unit when compared to
those collected pre-HS. In the previous experiment by
Franco-Jiminez et al. (2007), there was a drop in both
overall EW as well as albumen weights, this may have
led to the lack of response seen with Haugh unit mea-
surement. Albumen weights at the acute HS time point
were not significantly reduced when compared to pre-
HS values, but after 2 wk of chronic exposure, the albu-
men weights were significantly lower than those of the
pre-HS birds (Table 3). Throughout the 4 wk chronic
HS the albumen weights remained low, never returning
to pre-HS values. As Haugh units are calculated by al-
bumen height (related to albumen weight) the reduced
albumin weights are most likely the cause of the reduced
Haugh unit noted with chronic HS exposure. The re-
duction in albumen weight was also noted by Mashaly
et al. (2004).
The yolk weights were significantly greater in eggs
measured after acute exposure to HS (14.7 g) compared
to pre-HS (14.1 g) (Table 3). The yolks remained heav-
ier through 2 wk of HS (P ≤ 0.05), but by 4 wk of
HS, the yolk weights were lower, resulting in a value
intermediate to the pre-HS and acute/2 wk HS values.
Mashaly et al. (2004) reported yolk and overall EW
were decreased with HS exposure. Shell weights were
decreased by both acute and chronic HS treatments
(Table 3). A similar response of eggshell weights was
seen previously as hens exposed to either constant or
cyclic HS had significantly reduced eggshell weights in
4 out of 5 wk HS exposure. By the fifth wk of cyclic
HS treatment there was no difference in shell weight
with the non-HS treatment; however, the hens exposed
to a constant HS had significantly reduced eggshell
weight and the overall 5 wk means were significantly
reduced for both HS treatments than the control treat-
ment (Mashaly et al., 2004). In the current experiment,
the shell thickness did not change with acute HS when
compared to the pre-HS treatment but was reduced af-
ter 4 wk of chronic HS resulting in the thinnest shell
thickness value. Contrary to the current experiment,
Franco-Jiminez et al. (2007) found that both eggshell
weights and thicknesses decreased together when hens
were exposed to a 2 wk constant HS. A reduction in
eggshell quality of hens exposed to both cyclic and
constant HS has been shown by several experiments
(Balnave and Muheereza, 1997; Mahmoud et al., 1996;
Mashaly et al., 2004; Odom et al., 1986). This may be
due to the decrease in blood iCa caused by a change in
blood chemistry or by a reduction in calcium absorption
in the small intestine (Mahoud et al., 1996).
Blood Chemistry Parameters
The acute and chronic effects of HS on blood chem-
istry values of laying hens are reported in Tables 4
and 5. In this experiment, the partial pressure of car-
bon dioxide in the hen’s blood dropped by 29% after
only 4 to 6 h of acute exposure to the high environmen-
tal temperatures (P ≤ 0.01). During the same time pe-
riod, the blood bicarbonate dropped by 19% (P ≤ 0.01)
and the blood pH increased by 0.8% (P ≤ 0.01). Bicar-
bonate ions buffer the acid–base status of the blood
(Franco-Jiminez et al., 2007; Odom, et al., 1986). Ref-
erence values for blood chemistry parameters were de-
termined by Schaal et al. (2016) in first cycle Hy-Line
W-36 commercial laying hens (n = 377). These refer-
ence ranges are presented in Tables 4 and 5 as the de-
termined mean plus or minus one standard deviation to
be used in comparison with current data. The pre-HS
values for the partial pressure of carbon dioxide were
on the lower end of the reference range while the con-
centration of bicarbonate was near the mean reference
value. This may have contributed to the pre-HS value
for pH to be slightly higher than the reference range
of 7.23 to 7.37. The blood partial pressure of carbon
dioxide and bicarbonate increased (P ≤ 0.01) by 2 wk
of chronic HS exposure, corresponding to a decrease
of 0.1% in the blood pH (P ≤ 0.01). By the end of the
experiment at 4 wk, the partial pressure of carbon diox-
ide in the blood had increased again by 13%; however,
it was still lower than that of the pre-HS value (P ≤
0.01). The blood bicarbonate decreased again by 4% at
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Table 4. Effect of a 4-wk long, daily, cyclic heat stress over time on select blood chemistry parameters in laying hens.1
pH PCO22 PO23 HCO3− 4 TCO25 sO26 iCa7
Time period (mm Hg) (mm Hg) (mmol/L) (mmol/L) (%) (mmol/L)
Control8 7.39c 42.8a 44.8b 25.7a 27.0a 78.9b 1.41a
Acute 7.45a 30.2d 43.1c 20.7d 21.6d 80.6a 1.09d
2 wk Chronic 7.44b 33.2c 42.6c 22.4b 23.4b 79.2b 1.36b
4 wk Chronic 7.37d 37.5b 46.9a 21.6c 22.7c 80.9a 1.28c
Pooled SEM 0.003 0.32 0.29 0.11 0.12 0.35 0.011
P-value ≤0.01 ≤0.01 ≤0.01 ≤0.01 ≤0.01 ≤0.01 ≤0.01
Reference range9 7.23–7.37 41.6–59.8 39.1–52.7 22.0–27.6 23.5–29.3 65.8–84.2 1.55–1.83
1Means values of data from 398 individual hens in both rooms combined.
2Partial pressure of carbon dioxide in the blood.
3Partial pressure of oxygen in the blood.
4Concentration of bicarbonate ions in the blood.
5Total concentration of carbon dioxide in the blood.
6Saturation of oxygen in the blood.
7Concentration of ionized calcium in the blood.
8Control values were measured the day before first exposure to HS.
9Blood chemistry reference ranges calculated from mean values plus or minus one standard deviation determined by Schaal et al. (2016) for first
cycle Hy-Line W-36 laying hens.
a–dValues without similar letters within parameter are significantly different (P ≤ 0.05).
Table 5. Effects of a 4-wk, daily, cyclic heat stress on select blood chemistry parameters in
laying hens.1
Na2 K3 Glu4 Hct5 Hb6
Time period (mmol/L) (mmol/L) (mg/dL) (% PCV) (mmol/L)
Control7 142.0a 4.74a 231.5a 22.6a 7.69a
Acute 132.0d 4.15d 228.3b 19.2c 6.54c
2 wk chronic 138.5b 4.56b 227.6b 20.9b 7.11b
4 wk chronic 135.7c 4.40c 218.6c 19.4c 6.60c
Pooled SEM 0.42 0.022 0.79 0.13 0.043
P-value ≤0.01 ≤0.01 ≤0.01 ≤0.01 ≤0.01
Reference range8 146.6–152.2 4.3–5.3 212.4–236.4 21.0–26.4 7.2–9.0
1Means values of data from 398 individual hens in both rooms combined.
2Concentration of sodium ions in the blood.
3Concentration of potassium ions in the blood.
4Concentration of glucose in the blood.
5Percent packed cell volume of hematocrit in the blood.
6Concentration of hemoglobin in the blood.
7Control values were measured the day before first exposure to HS.
8Blood chemistry reference ranges calculated from mean values plus or minus one standard deviation
determined by Schaal et al. (2016) for first cycle Hy-Line W-36 laying hens.
a–dValues without similar letters within parameter are significantly different (P ≤ 0.05).
the last measurement point after 4 wk of heat exposure
(P ≤ 0.01). By the end of the experiment the blood
pH had dropped by 0.9% compared to the 2 wk value
(P ≤ 0.01), returning the blood pH value to slightly be-
low the pre-HS values. The hen will pant in order to dis-
sipate heat through evaporative cooling often causing
the partial pressure of carbon dioxide to decrease (El
Hadi and Sykes, 1982). This will change the ratio of car-
bon dioxide to bicarbonate ions in the blood, contribut-
ing to an increase in the blood pH (Franco-Jimenez
et al., 2007; Koelkebeck and Odom, 1994). Calcium is
typically found in a bio-available ionic form for eggshell
generation. An increase in blood pH can cause the iCa
to bind to protein, becoming unavailable for use in
eggshell formation (Odom et al., 1986). Table 4 shows
a drop of iCa in the blood of 22.7% from 1.41 to
1.09 mmol/L on the first day of HS when compared
to the pre-HS value (P ≤ 0.01). By 2 wk of HS the
iCa had recovered to 1.36 mmol/L (P ≤ 0.01), but
was still reduced in comparison to pre-HS levels. Be-
tween 2 and 4 wk of the experiment, the blood iCa
dropped again to 1.28 mmol/L (P ≤ 0.01). The drop
in blood iCa with acute exposure to HS could result
in an immediate reduction in eggshell quality (Samara
et al., 1996). The pre-HS value of iCa of 1.41 mmol/L
in this experiment was below the reference range of
1.55–1.83 for commercial laying hens (Schaal et al.,
2016). The reference values were taken from hens aged
20 to 68 wk while the hens in the current experiment
were 22 to 24 wk old so the reference values could
be higher due to higher dietary Ca concentrations fed
to older laying hens under commercial conditions. The
blood glucose dropped from 231 mg/dL the day be-
fore HS to 228 mg/dL on the first day of HS exposure
(P ≤ 0.05; Table 5). There were significant changes
in blood glucose during this experiment (Table 5).
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Table 6. Coefficient of variance of performance parameters over a 4-wk, daily, cyclic heat
stress treatment (data collected from 398 individual laying hens).1
Time period Feed intake Egg production Egg weight Egg mass Feed efficiency Body weight
Pre-HS2 8.1 13.6 5.4 15.0 9.0 5.1
Wk22 14.9 10.4 6.2 12.2 15.7 5.8
Wk42 10.8 12.8 5.2 11.7 15.2 6.1
1Calculated by dividing the standard deviation of data at each time point by corresponding averages
and multiplying by 100.
2Pre-HS: data collected for the 2-wk period before heat stress; wk2: data collected from the first
2 wk of heat stress; wk4: data collected from weeks 2 through 4 of heat stress.
Table 7. Coefficient of variance of body temperature and egg quality parameters over a 4-wk,
daily, cyclic heat stress treatment (data collected from 398 individual laying hens).1
Time period
Body
temperature Haugh unit Yolk weight
Albumen
weight Shell weight
Shell
thickness
Pre-HS2 0.59 5.9 16.4 10.2 7.9 10.3
Acute2 0.83 6.5 16.3 12.8 11.2 14.6
Wk22 0.73 6.8 15.5 9.9 7.4 10.4
Wk42 0.67 6.9 9.5 13.1 8.3 8.1
1Calculated by dividing the standard deviation of data at each time point by corresponding averages
and multiplying by 100.
2Pre-HS: data collected for the 2-wk period before heat stress; acute: data collected within 4 to 6 h
of first heat stress exposure; wk2: data collected from the first 2 wk of heat stress; wk4: data collected
from weeks 2 through 4 of heat stress.
Table 8. Coefficient of variance of blood gas parameters over a 4-wk, daily, cyclic heat stress
treatment (data collected from 398 individual laying hens).1
Time
period pH PCO2 PO2 HCO3 TCO2 sO2 Na iCa Glu Hct Hb
Pre-HS2 0.69 15.2 12.2 8.4 8.5 8.5 5.7 15.0 5.7 10.1 10.1
Acute2 0.89 22.1 13.0 12.3 12.8 9.1 8.5 22.4 8.9 15.4 15.4
Wk22 0.90 16.7 14.3 8.4 8.4 9.4 5.0 14.0 6.2 11.3 11.2
Wk42 0.90 16.8 11.4 9.2 9.2 6.6 4.4 12.6 5.9 11.7 11.7
1Calculated by dividing the standard deviation of data at each time point by corresponding averages and
multiplying by 100.
2Pre-HS: data collected for the 2-wk period before heat stress; acute: data collected within 4 to 6 h of first
heat stress exposure; wk2: data collected from the first 2 wk of heat stress; wk4: data collected from weeks 2
through 4 of heat stress.
However, they were all within the reference values. The
iSTAT machine, developed for use in mammals, esti-
mates hematocrit and hemoglobin by electrical conduc-
tance rather than standard clinical chemistry assays.
Because chicken blood cells are both nucleated and
elongated, comparison of the levels estimated for hema-
tocrit and hemoglobin between prior and the cur-
rent studies should be done with caution (Rowland
et al., 2019). Both the iSTAT-defined hematocrit and
concentration of hemoglobin decreased during exposure
to HS. Within 4 to 6 h of first exposure, the hematocrit
and hemoglobin concentration dropped, increasing at
2 wk but not to pre-HS level, and dropping again by the
end of the experiment at 4 wk post HS, similar to results
found by Yahav et al. (1997). Initially, the hematocrit
and hemoglobin concentrations may have decreased due
to the response to acute HS, then increased as the hens
became acclimated to the high temperatures, and de-
creased by 4 wk because of the prolonged reduction in
FI. The concentration of sodium and potassium ions
in the blood followed the same trend as the hemat-
ocrit, decreasing for the acute time point, increasing
by 2 wk of HS, and decreasing again by 4 wk of HS
never recovering to pre-HS values. In previous experi-
ments, the volume of plasma increased during HS pos-
sibly in order to allow for a reduction in resistance of
blood flow to better dissipate heat (Yahav et al., 1997).
This increase in plasma volume could cause a decrease
in the concentration of ions in the blood as well as
the hematocrit and hemoglobin concentration. Genetic
analyses of blood chemistry components, including her-
itability estimation and genome-wide SNP association,
are detailed in a companion paper (accepted to Poultry
Science, Rowland et al., 2019).
Variation
Tables 6 to 8 show the coefficients of variation of the
data collected during the experiment. The variation of
FI increased for the first 2 wk of HS compared to the
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pre-HS values but was decreased from 2 to 4 wk post
HS compared to the first 2 wk. The variation in EW
increased between the pre-HS and 2 wk measurements
but decreased between the 2 and 4 wk measurements.
The variation in albumen weight increased during the
last 2 wk of the experiment, when the overall EW re-
turned to pre-HS variation. The yolk weights however
decreased in variation for measurements taken at 4 wk
of HS exposure. This may indicate that the increase in
variation of overall EW was associated with the varia-
tion in weights of albumen and not the yolk. Increas-
ing the uniformity of egg sizes and weights in commer-
cial EP is beneficial due to processing and packaging
as well as value of the egg as a product (Wolc et al.,
2012). The eggshell thickness variation increased for the
acute time point, then decreased for the first 2 wk of
HS. By the last 2 wk of the experiment, the eggshell
thickness variation had decreased again. As expected,
the variance in BT of hens increased for the acute pe-
riod when compared to the pre-HS values and decreased
at the 2 wk time point and again at the 4 wk time
point. This could indicate that for a short term HS ex-
posure, some hens are better able to control BT during
acute HS, although over time it appears that adapta-
tion to chronic HS exposure might mitigate some of
these differences. The partial pressure of carbon diox-
ide and the concentration of bicarbonate in the blood
both reached their highest variance for the acute time
point and decreased for both the 2 and 4 wk time points.
The blood pH variance increased throughout the 4 wk
of HS. This could indicate that other mechanisms may
affect the blood pH besides the ratio of carbon dioxide
and bicarbonate. While the amount of calcium found
as iCa in the blood is affected by pH, the variance
of blood iCa increased at the acute time point, but
decreased for the 2 and 4 wk measurements unlike the
pH variance.
Correlations
Correlation coefficients were estimated among all
traits and are displayed in a correlation matrix
(Figure 1). The strongest correlations are between
blood chemistry components. In general, correlations
(positive and negative) appear between blood compo-
nents measured at the same time point and correlation
patterns between components were consistent across
time points. A strong correlation between a blood com-
ponent measured pre heat exposure (relatively quick
and easy to measure) and a trait such as FE or EP
Figure 1. Correlations between all parameters over a 4-wk, daily, cyclic heat stress treatment. A correlation of 0.1 represents an approximate
P-value of 0.001.
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measured after heat exposure (relatively difficult and
time consuming to measure) would be a useful indicator
trait for a hard to measure trait, and could potentially
be used for genetic selection to improve performance
under HS.
CONCLUSIONS
Cyclic HS when hens were not returned to ther-
moneutral temperatures after HS, negatively impacted
the performance of laying hens, reducing FI, EP and
BW over time. Feed intake did seem to at least partially
recover, but both EP and BW were not recovered over
the 4 wk period. The changes in shell quality seen at the
acute time point agree with blood chemistry changes
including the ratio of bicarbonate to carbon dioxide re-
ducing blood buffering capability, increasing the blood
pH and reducing bioavailable Ca in the blood. By the
end of the 4 wk HS, blood pH, PCO2, and PO2 had re-
turned to near pre-HS levels. These data could indicate
that the hens began to acclimate to the high environ-
mental temperatures for these measurements, although
other egg quality and blood chemistry measurements
did not result in similar recovery. This experiment gen-
erated a substantial amount of new data following the
exposure of laying hens to a daily, cyclic HS for a longer
period of time than previously measured.
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